Abstract. Milk fat globule epidermal growth factor-8 (MFG-E8) promotes phagocytic clearance of apoptotic cells to maintain normal tissue homeostasis. However, its functions in intestinal inflammatory disorders are unknown. Since the pathogenesis of those disorders are due to abnormal interactions between intestinal epithelial cells (IECs) and microbial pathogens, we analyzed the effects of MFG-E8 on IECs to determine its protective role in murine experimental colitis. Expression of α v β 3 -integrin in Colon-26 cells was examined by RT-PCR and immunostaining. Colon-26 cells were pretreated with recombinant wild-type and mutant MFG-E8 proteins, following stimulation with flagellin as an inducer of innate immunity, and the effects of the recombinant proteins on inhibition of nuclear factor-κB (NF-κB) and inflammatory cytokine production in flagellin-stimulated Colon-26 cells were determined using a luciferase assay and EIA, respectively. Experimental colitis was induced in mice by intrarectal administration of trinitrobenzene sulfonic acid (TNBS). Recombinant proteins were then intrarectally administered into TNBS-induced colitic mice, after which disease activity parameters (body weight, colon length, histological score), as well as interleukin (IL)-6 and MIP-2 levels were determined in inflamed tissues. Flagellin-induced inflammatory cytokine production in vitro was significantly downregulated via α v β 3 -integrin following pretreatment with wild-type MFG-E8 due to inhibition of NF-κB activation. In vivo, intrarectal treatment with wild-type MFG-E8, but not its mutant counterpart, significantly inhibited body weight loss, colon shortening and histological inflammation induced by TNBS administration. Our findings suggest that MFG-E8 has anti-inflammatory effects on flagellin-induced inflamed intestinal epithelial cells and may be a useful therapeutic agent for colitis.
Introduction
The gut is a multi-layered organ in which various cell types contribute to maintain homeostasis mechanisms. Among those cell types, epithelial cells form a monolayer on the luminal side of the intestine and function as the first line of defense against microbial pathogens (1) (2) (3) . Intestinal epithelial cells (IECs) can sense a variety of pathogen-associated molecular patterns (PAMPs) via a limited number of pattern recognition receptors (PRRs) and preserve the gut under physiological conditions (4) (5) (6) (7) (8) . On the other hand, prolonged and uncontrolled immune activation via PRRs in IECs induce several gut immune-mediated disorders including inflammatory bowel disease (IBD) (9) (10) (11) (12) (13) . Experimental approaches regarding the regulation of innate immune function in IECs may lead to the development of novel therapeutic options for IBD.
Milk fat globule-epidermal growth factor 8 (MFG-E8), a glycoprotein secreted by mammary epithelial cells, activated macrophages, and immature dendritic cells (DCs), enhances engulfment of dying cells by forming a bridge between phosphatidylserine (PS) on apoptotic cells and α v β 3 -integrin on phagocytes (14) (15) (16) . This scavenging function avoids the release of numerous inflammatory mediators from apoptotic cells and physiologically contributes to maintaining the host immune system. Inefficient clearance of apoptotic cells in MFG-E8 null mice induces severe inflammation and immune responses due to infiltration of apoptotic cells in various organs (14) (15) (16) (17) . Several studies have revealed that MFG-E8 plays important roles in the pathogenesis of inflammatory and autoimmune diseases, as well as sepsis, atherosclerosis, and Alzheimer's disease (18) (19) (20) (21) (22) (23) (24) .
MFG-E8-mediated therapeutic benefits have also been shown in various inflammatory disease models. Those effects are dependent not only on enhanced clearance of apoptotic cells, but also on other anti-inflammatory mechanisms (25) (26) (27) . We recently reported that the recombinant MFG-E8 protein inhibits production of inflammatory cytokines in LPS-treated macrophages, which contributed to attenuating intestinal inflammation in murine experimental colitis by modulating α v β 3 -integrin signaling (28) . Although MFG-E8 is expressed in a wide variety of cell types to perform several cellular events and modulates immune responses in numerous conditions (25) (26) (27) , its role and underlying mechanisms have been evaluated mainly in experiments that focused on non-epithelial cells such as macrophages. Since the crucial pathogenesis of colitis is due to abnormal interactions between IECs and microbial pathogens, we speculated that MFG-E8 may directly regulate IECs during an innate immune activated condition. In the present study, we aimed to examine the effects of MFG-E8 on IECs to determine whether it has a protective role in murine experimental colitis. Immunofluorescence protocol. Colon-26 cells (1x10 5 cells/ml) were grown on glass chamber slides (BD Biosciences, Japan), then fixed in 4% paraformaldehyde and allowed to react with PE-labeled anti-mouse α v and FITC-labeled β 3 -integrin antibodies for 60 min at room temperature. After subsequent washing with cold PBS, α v β 3 -integrin expression in Colon-26 cells was examined using an Olympus BX51 fluorescent microscope (Olympus, Japan).
Materials and methods

Reagents
Recombinant MFG-E8 proteins. We prepared mouse wild-type and RGD mutant MFG-E8 proteins using mammalian expression systems, as described previously (28) . The functional efficiency of both proteins has been confirmed in our recent studies (28) . The RGD domain is a key part of the MFG-E8 protein and can bind to α v β 3 -integrin on apoptotic cells. The RGD mutant MFG-E8 (D89E) was previously shown to be a dominant negative form of MFG-E8 (14, 15) .
Transfection and luciferase assay. For in vitro transfection experiments, Colon-26 cells were grown and plated on 24-well plates (2.5x10 4 cells/well) in RPMI-1640 with 10% FBS in a humidified chamber. After 18-24 h, the cells reached 50% confluence, then were transiently transfected with pNF-κB-Luc (200 ng/well) and pRL-TK-Renilla-Luc (20 ng/well) using Lipofectamine 2000 (2.5 µl/well), after which nuclear factor-κB (NF-κB) activity was measured using a dual-luciferase reporter assay system (Promega).
Colitis induction and treatment of recombinant MFG-E8
proteins in mice. Seven-week-old male specific pathogen-free BALB/c mice (Charles River, Japan) were housed according to our institutional guidelines following the approval of the Ethics Committee of Shimane University. For a TNBS-induced colitis model, mice were anesthetized for 90-120 min with an intraperitoneal pentobarbital injection and then given an intrarectal administration of TNBS (100 µl, 125 mg/kg) dissolved in 50% ethanol. Control mice received only 50% ethanol using the same technique. The in vivo study protocol is shown in Fig. 2B . Recombinant MFG-E8 proteins were diluted in PBS and 10 µl of the solution (1,200 ng/body) was intrarectally injected before TNBS administration on Day 0. The body weight (BW) of each mouse was measured daily until euthanasia. At the end of TNBS-induced colitis, the mice were euthanized, and their colonic tissues were dissected for histology and EIA.
Histological examination. For histology, 3-µm formalin-fixed paraffin-embedded colon tissue sections were stained with hematoxylin and eosin (H&E), then examined under a light microscope by two investigators in a double-blinded fashion. Histological grading was evaluated as previously described (29, 30) . Three different parameters were considered, severity of inflammation (based on polymorphonuclear neutrophil infiltration; 0-3: none, slight, moderate and severe), depth of injury (0-3: none, mucosal, mucosal and submucosal, transmural), and crypt damage (0-4: none, basal one-third damaged, basal two-thirds damaged, only surface epithelium intact, entire crypt and epithelium lost). The score for each parameter was multiplied by a factor reflecting the percentage of tissue involvement (x1, 0-25%; x2, 26-50%; x3, 51-75%; x4, 76-100%), then all values were added to a sum with a maximum possible score of 40.
RT and quantitative real-time PCR. Total-RNA was extracted from colonic tissues and cultured cells using Isogen (Nippon Gene, Japan) and then equal amounts of DNase I (Ambion, Inc., Austin, TX, USA) treated RNA were reverse transcribed into cDNA using a QPCR cDNA kit (Stratagene). A real-time fluorescence PCR assay based on SYBR-Green (Applied Biosystems, Warrington, UK) was then performed using the following primers: MFG-E8, forward, 5'-CGGGCCAAGACAATGAC ATC-3' and reverse, 5'-TCTCTCAGTCTCATTGCACAC AAG-3'; β-actin, forward, 5'-CGTGAAAAGATGACCCAGA TCA-3' and reverse, 5'-CACAGCCTGGATGGCTACGTA-3'. To screen α v -and β 3 -integrin gene expressions in Colon-26 cells, reverse transcriptase PCR (RT-PCR) was performed using the following primers: α v -integrin, forward, 5'-CTGGC TGTGTTGGTATTTGTAATGTAC-3' and reverse, 5'-AGC TGTTCTCGTTCTTGCTCTTC-3'); β 3 -integrin, forward, 5'-CGTCAGCCTTTACCAGAATTATAGTG-3' and reverse, 5'-TTTCCCGTAAGCATCAACAATG-3').
Enzyme immune assay (EIA).
Mouse IL-6 and MIP-2 contents in colonic tissues and culture supernatants were determined using EIA according to the manufacturer's protocol. Briefly, total proteins from distal colonic tissues were extracted using lysis buffer (200 mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycine, and 1 mM PMSF, pH 7.4) and subjected to EIA using mouse IL-6 and MIP-2 EIA kits. In vitro culture supernatants from Colon-26 cells treated with or without flagellin and recombinant MFG-E8 proteins were also examined for IL-6 and MIP-2 contents by EIA, as described above.
Statistical analysis. All data are expressed as the mean ± standard error of the mean (SEM). The Student's t-test was used for statistical determinations. P-values <0.05 were considered to be significant.
Results
Expressions of α v -and β 3 -integrins in Colon-26 cells.
Although the α v β 3 -integrin complex is essential for MFG-E8-mediated cellular functions in targeted cells, its expression and function remains largely unknown. Initially, we examined the gene expressions of α v -and β 3 -integrins in Colon-26 cells (mice colonic epithelial cell line) using RT-PCR. Electrophoresis results clearly showed the expressions of both in Colon-26 cells (Fig. 1A) . In addition, immunofluorescence staining was performed to evaluate the protein levels of α v -and β 3 -integrins and their cellular localization (Fig. 1A) . Abundant immunoreactive signals for α v -(red) and β 3 -(green) integrins were observed on the cellular surface, and both integrins merged within the same cells. 
MFG-E8 inhibits production of inflammatory cytokines in flagellin-stimulated Colon-26 cells via α v β 3 -integrin in an NF-κB-dependent manner.
After observing the expression of α v β 3 -integrin in IECs, we next examined the direct effects of MFG-E8 on production of inflammatory cytokines in IECs. Flagellin is a specific microbial ligand of TLR5 and has been shown to be a potent stimulator of inflammatory cytokines in IECs. Thus, we used it as a ligand for induction of inflammatory cytokines in cultured Colon-26 cells. Twenty-four hours after stimulation with or without flagellin and recombinant MFG-E8 proteins, culture supernatants were subjected to measurements of IL-6 and MIP-2 by EIA. Flagellin markedly induced IL-6 and MIP-2 in the culture supernatants, while cells treated with wildtype MFG-E8 protein showed significantly decreased effects of flagellin on cytokine production. Mutant MFG-E8 protein had no effects on flagellin-stimulated Colon-26 cells (Fig. 1B) . NF-κB is a potent transcription factor that regulates the expressions of various inflammatory genes, including IL-6 and MIP-2. We also examined the effects of wild-type and mutant MFG-E8 proteins on NF-κB activity in flagellin-stimulated Colon-26 cells. Following flagellin stimulation for 12 h, NF-κB activity was assessed using a dual-luciferase assay system. Cells treated with wild-type MFG-E8 showed significant downregulation of flagellin-induced NF-κB activity, whereas mutant MFG-E8 had no significant effects on that activity (Fig. 1B) .
Intrarectal administration of MFG-E8 protects mice from TNBS-induced colitis.
Since MFG-E8 inhibited inflammatory cytokine production in flagellin-stimulated IECs, we speculated that intrarectal administration of recombinant wild-type MFG-E8 protein may ameliorate intestinal inflammation by protecting IECs from stimulation by luminal pathogen-associated molecules. Before carrying out our in vivo examination, we evaluated the time course changes of MFG-E8 expression during TNBS-induced colitis. The MFG-E8 was downregulated in inflamed colons during the acute and severe inflammatory phases of colitis (Days 1 to 3), while it become upregulated during the healing phase (Days 4 to 5) ( Fig. 2A) . Based on results showing the altered expression of MFG-E8 during TNBS-induced colitis, we designed an in vivo study protocol (Fig. 2B) . To assess the direct effects of MFG-E8 on IECs, recombinant wild-type and mutant MFG-E8 proteins were intrarectally injected into mice before TNBS administration, while other mice were injected with PBS instead of MFG-E8 proteins. Mice without TNBS administration were also assessed as controls. In mice who received TNBS with PBS or mutant MFG-E8 protein, body weight loss was clearly observed, while those injected with wild-type MFG-E8 showed significantly lower body weight loss from Days 1 to 3 (Fig. 2C) . In mice not treated with TNBS, injection of recombinant proteins had no influence on body weight changes.
Representative specimens dissected from each experimental group are shown in Fig. 3A . Colons dissected from the wild-type MFG-E8-treated group showed increased length and decreased weight as compared to those from the PBS-and mutant MFG-E8-treated TNBS groups (Fig. 3) . Histological examinations also showed that inflammation, extent of injury, and crypt damage were significantly decreased in the wildtype MFG-E8-treated colitic mice (Fig. 4) . Total histological scores in the dissected colon samples from the wild-type MFG-E8-treated colitic mice were also markedly lower than in those from the other groups (Fig. 4B) . Furthermore, to evaluate the effects of MFG-E8 on inflammatory cytokine production, protein was extracted from colonic tissues, and IL-6 and MIP-2 contents were measured. Treatment with wildtype MFG-E8 protein significantly downregulated the tissue contents of IL-6 and MIP-2 as compared to those in PBS-and mutant MFG-E8 protein-treated colitic mice (Fig. 5) .
Discussion
The present findings revealed that MFG-E8 inhibits flagellinmediated production of inflammatory cytokines in cultured IECs by modulating NF-κB activation via α v β 3 -integrin. In addition, our results demonstrated that intrarectal administration of recombinant wild-type MFG-E8 protein ameliorates TNBS-induced mice colitis. These are the first known results to show an anti-inflammatory role of MFG-E8 in IECs and its therapeutic potential for intestinal inflammation. MFG-E8 was originally described as a factor for efficient phagocytosis of apoptotic cells for maintaining immune homeostasis (14, 15) . Apart from this conventional role, diverse functions of MFG-E8 have also been seen in several cellular and immune-mediated disorders (18) (19) (20) (21) (22) (23) (24) . Recent reports revealed the importance of this secreted protein on regulation of the innate immune system, as well as an anti-inflammatory role and its participation in regeneration of injured tissues (25) (26) (27) . We previously reported that the anti-inflammatory role of recombinant MFG-E8 protein in dextran sulphate sodium (DSS)-induced colitis was exerted by modulating LPS-induced innate-immune responses in macrophages (28) . A recent study also revealed that DSS-induced colonic inflammation in MFG-E8 knockout mice was more severe than that in wild-type mice (31) . Moreover, the anti-inflammatory effect of the recombinant MFG-E8 protein was shown in a mouse model of ischemia and reperfusion-induced intestinal injuries (23) . Thus, the beneficial effect of MFG-E8 on downregulation of inflammation is recognized. However, the protective role of MFG-E8 in intestinal injuries in those studies was only noted in the context of non-epithelial mononuclear cells, and they did not investigate the interaction between MFG-E8 and IECs.
Considering the novel function of MFG-E8 to directly attenuate intestinal inflammation, we utilized colonic epithelial cells because of their pivotal role in the first line of defense against bacterial pathogens during intestinal inflammation. We previously reported differential expression of TLRs in IECs during intestinal inflammation in a mouse model of colitis (5), which was shown to contribute to regulating gut immunity, barrier function, and regeneration of injured tissues in various studies. Among the various kinds of TLR ligands, flagellin is a specific microbial ligand of TLR5, which is a pathogenic factor that induces a variety of inflammatory disorders including infectious enteritis and IBD (32) . We recently demonstrated that flagellin can stimulate abundant production of IL-8 in cultured IECs (8, 33) . Based on our previous findings, we used flagellin for the present in vitro experiments to clarify the antiinflammatory role of MFG-E8 in IECs. We initially examined α v β 3 -integrin expression in mice colonic epithelial cells (Colon-26), and found its significant expression on the cellular surface. Other in vitro studies have also shown that recombinant wild-type MFG-E8 protein significantly inhibits the production of IL-6 and MIP-2 by decreasing NF-κB activation in flagellin-stimulated Colon-26 cells. In contrast, no protective effect was not found in mutant proteintreated cells. These results suggest that the anti-inflammatory function of MFG-E8 is dependent on α v β 3 -integrin expression in IECs, because the mutant protein targeting the RGD domain of MFG-E8 decreases its binding to α v β 3 -integrin on the cells.
Among the various physiological conditions in the gut, tolerant conditions are essentially preserved between a monolayer of IECs and various luminal microbial pathogens by modulating appropriate innate immune levels (1-3). However, when intestinal injuries occur, numerous luminal microbial components such as flagellin abnormally contact with IECs and various mucosal cells (32) . Notably, innate immune response to pathogens is rapidly induced in IECs during the early phase of intestinal inflammation. In the present study, we focused on this point and injected intrarectally recombinant MFG-E8 proteins into mice before treatment with TNBS. We found that robust induction of IL-6 and MIP-2 during the acute phase of TNBSinduced colitis was significantly downregulated in the presence of wild-type MFG-E8 protein. As observed in colonic histology findings, comparatively fewer infiltrating mononuclear cells were present in the lamina propria zone, due to the reduced production of IL-6 and MIP-2 in inflamed mucosa of wild-type MFG-E8-treated mice. On the other hand, such a protective role was not seen in mice treated with mutant MFG-E8 protein. These results indicate a therapeutic benefit of intrarectal administration of wild-type MFG-E8 protein for intestinal inflammation. Since MFG-E8 can inhibit excess innate immune responses in various non-epithelial immune cells, such anti-inflammatory effects might also have contributed to the amelioration of TNBS colitis seen in the present study.
Recently, Bu et al (34) established an in vitro woundhealing model to evaluate the effects of MFG-E8 on IEC migration. They observed that recombinant MFG-E8 protein bound to phosphatidylserine (PS) on IECs at the monolayer wound-edge in vitro and that binding stimulated IEC migration by activating intracellular protein kinase C (PKC). They also demonstrated that treatment of experimental septic mice with recombinant MFG-E8 accelerated mucosal healing by binding to PS on the injured IECs, suggesting that MFG-E8 plays a crucial role in tissue regeneration during the healing process of injured colonic mucosa. On the other hand, in the present study, we focused on α v β 3 -integrin expression in IECs and confirmed its association with the anti-inflammatory role of MFG-E8. Thus, MFG-E8 has a variety of effects on IECs to modulate inflammation and regeneration in the intestines.
In conclusion, the present findings showed a beneficial anti-inflammatory role of intrarectal administration of recombinant MFG-E8 protein in a murine model of colitis. However, there are several issues that require further clarification before clinical use. The precise mechanisms related to downregulation of NF-κB activity mediated by α v β 3 -integrin signaling should be elucidated. In addition, prior to administration of MFG-E8 for chronic, relapsing intestinal disorders such as IBD, its role in chronic models of colitis must be further addressed. Moreover, though we assessed the effects of recombinant MFG-E8 protein in non-colitic healthy mice, MFG-E8 was administered only for a short period and the long-term effects in regard to physiological, immunological, and clinical aspects must be evaluated in the future.
